Secondary transporters harness electrochemical energy to move substrate through structurally-14 enforced co-substrate "coupling". We untangle the "proton-metal coupling" behavior by a Natural 15 resistance-associated macrophage protein (Nramp) transporter into two distinct phenomena: ΔpH 16 stimulation of metal transport and metal stimulation of proton co-transport. Surprisingly, metal 17 type dictates co-transport stoichiometry, leading to manganese-proton symport but cadmium 18 uniport. Additionally, the membrane potential affects both the kinetics and thermodynamics of 19 metal transport. A conserved salt-bridge network near the metal-binding site imparts voltage 20 dependence and enables proton co-transport, properties that allow this Nramp transporter to 21 maximize metal uptake and prevent deleterious back-transport of acquired metals. We provide a 22 new mechanistic model for Nramp metal-proton symport in which, in addition to substrate 23 gradients determining directionality as in canonical secondary transport, synergy between protein 24 structure and physiological voltage enforces unidirectional substrate movement. Our results 25 illustrate a functional advantage that arises from deviations from the traditional model of symport. 26 stoichiometries depending on pH and membrane potential, with significant proton uniport, 50 suggesting loose coupling (Chen et al., 1999a; Mackenzie et al., 2006; Nelson et al., 2002) . 51
Cells commit significant ATP expenditure to maintain ionic gradients across membranes, a form 27 of energy storage. Selective membrane permeability also generates a stable charge imbalance that 28 produces a membrane voltage, generally negative. Secondary transporters harness these 29 electrochemical gradients by coupling the energetically-favorable movement of abundant ions 30 (Na + , K + , H + , Cl -) to the (often uphill) movement of substrates (Forrest et al., 2011; Gadsby, 2009; 31 LeVine et al., 2016; Shilton, 2015) . Tight coupling mechanisms prevent uniport events: "futile 32 cycles" that dissipate the driving ion gradients and, even more deleterious, the back-transport of 33 the primary substrate down its concentration gradient (LeVine et al., 2016) . 34
The Nramp (Natural resistance-associated macrophage protein) family of transporters import 35 divalent transition metal ions, essential micronutrients serving as cofactors to myriad metabolic 36 enzymes. Prokaryotic Nramps perform high-affinity Mn 2+ environmental metal ion concentrations, this coupling may make the net transport 45 thermodynamically favorable. However, the substantial negative membrane potential (which 46 favors cation entry) and the plethora of intracellular metal-binding proteins and small molecules 47 (which likely act as a sink) may make metal entry alone energetically-downhill in many cases. 48
Early electrophysiological studies of Nramps showed variable metal-proton transport 49 Bacteria, including E. coli, maintain a membrane potential (ΔΨ) between -140 and -220 mV (Bot 79 and Prodan, 2010), which greatly influences ion transport thermodynamics. When we applied 80 voltage across proteoliposome membranes (see Methods), DraNramp transported Mn 2+ at -40 mV 81 or below ( Figure 1B) , and Fe 2+ , Zn 2+ , and Co 2+ at -80 mV ( Figure 1B supplement 1D). Indeed, by measuring at 10 mV increments, we saw metal-specific threshold 84 voltages for metal transport with Mn 2+ , followed by Zn 2+ and Fe 2+ , then Co 2+ requiring 85 progressively larger potential differences to observe metal transport, while Cd 2+ was transported 86 across the whole measured range ( Figure 1C We next measured transport across a range of metal concentrations at a physiologically-relevant 91 ΔΨ = -150 mV ( Figure 1D ) to determine Michaelis-Menten constants. The apparent substrate 92 affinity (KM) at -150 mV correlated with the requisite threshold voltage ( Figure 1C ): Mn 2+ As one explanation for our results, the membrane potential might perturb DraNramp's gross 109 conformational landscape, with the outward-facing state relatively destabilized at lower magnitude 110 voltages, as seen with the structurally-related SGLT1 transporter (Loo et al., 1998) . We therefore 111 measured the accessibility to N-ethylmaleimide (NEM) modification of single-cysteine reporters 112 that are only exposed to bulk solvent in either Figure 1F ). However, although high extracellular 114
[K + ] greatly impaired Co 2+ transport, it had little effect on the sampling of either the inward-facing 115 or outward-facing states ( Figure 1G and Figure 1-figure supplement 1H). We conclude that 116
DraNramp voltage dependence arises from more nuanced mechanistic changes. This is more 117 consistent with the observed substrate-specific threshold voltages, as a shift in conformational 118 equilibrium that completely inhibits transport of all metal does not account for this substrate 119 specificity. 120
Our consistent in vivo and in vitro findings indicate the reconstituted transporter does indeed 121 function the same as in the native membrane, and that transmembrane voltage-the missing piece 122 in our initial reconstitution attempts-is a critical variable controlling metal transport kinetics. suggests that ΔpH is also a critical variable for DraNramp. We therefore compared the pH 133 dependence of transport for both Cd 2+ and Mn 2+ (Figure 2A ). While lower external pH moderately 134 enhanced Cd 2+ transport ( Figure 2B ), it greatly accelerated Mn 2+ transport-even enabling 135 transport at 0 mV ( Figure 2C ). Therefore Mn 2+ transport-but not Cd 2+ -may require 136 thermodynamically favorable proton entry, either through a negative membrane potential or a pH 137
gradient. 138
To test this hypothesis, we measured H + transport by DraNramp ( Figure 2D While DraNramp efficiently transported all tested metals (except Ca 2+ ) at -120 mV and to some 141 degree at -80 mV, only Mn 2+ , Fe 2+ , and Co 2+ stimulated H + influx above basal rates ( Figure 2F ). 142
Despite robust Cd 2+ uptake across all potentials, Cd 2+ failed to stimulate significant H + transport. 143
Indeed at -120 mV, where H + uniport-uptake in the absence of added metal-became significant, 144 Cd 2+ noticeably reduced the H + influx rate (Figure 2E -F). DraNramp's two best substrates, which 145 should nearly saturate the metal-binding site at -80 and -120 mV, gave initial rate stoichiometries 146 of approximately 1 H + : 1 Mn 2+ and 0 H + : 1 Cd 2+ ( Figure 2F ), confirming that metal-proton co-147 transport is indeed substrate-specific. 148 149
Voltage and pH both shape DraNramp's free energy landscape 150
To better understand the effects of transmembrane voltage and pH gradients on DraNramp 151 transport, we determined Michaelis-Menten parameters for Mn 2+ and Cd 2+ transport kinetics in the 152 absence or presence of a pH gradient at three ΔΨ values ( Figure 3A for Cd 2+ and Mn 2+ more than 20-and 300-fold respectively. Thus, in addition to its impact on ion 157 uptake thermodynamics, ΔΨ also shapes the free energy landscape that dictates DraNramp 158 transport kinetics ( Figure 3C -D) and thus likely influences metal binding and other steps in the 159 transport mechanism. 160 While in all six cases, ΔpH increased Vmax, the effects on KM were mixed ( Figure 3A ΔpH enhanced apparent affinity for both metals at lower magnitude ΔΨ but reduced apparent 162 affinity at higher magnitude ΔΨ. Generally, ΔΨ and ΔpH are more synergistic for Mn 2+ and more 163 antagonistic for Cd 2+ , consistent with the H + co-transport requirement for Mn 2+ but not Cd 2+ 164 ( Figure 2F ). In addition, our data indicate that an insurmountable kinetic barrier precludes even 165 downhill Mn 2+ -but not Cd 2+ -transport in the absence of a ΔΨ and/or ΔpH favorable to H + 166 transport ( Figure 3C -D). Taken together with the fact that ΔpH affected the transport kinetics of 167 both metals, this indicates that "proton-metal coupling" in Nramps comprises at least two distinct 168 phenomena: (i) low pH/ΔpH stimulates metal transport, and (ii) H + co-transport is required for 169 certain metal substrates. Below, using insights gleaned from DraNramp's structures and 170 mutagenesis experiments we begin to mechanistically explain these surprising results. importance of D56 and D131 in addition to E134 and H232 to DraNramp H + -transport (Bozzi et 197 al., 2018) . Based on structural analyses we therefore proposed D56 as the initial proton-binding 198 site and D131 as the subsequent proton acceptor required for transmembrane transport (Bozzi et 199 al., 2018) . 200
Hypothesizing that this network of conserved charged and protonatable residues contributes to the 201 voltage-dependence and proton-metal coupling phenomena, we designed a panel of point mutants 202 that remove or neutralize these sidechains via alanine and/or asparagine/glutamine substitution. both substrates, except metal-binding D56 mutants. Compared to WT, the remaining mutants 211 cluster in two groups in terms of their ability to harness ΔΨ. 212
Mutations to N59, M230, H232, and H237 largely preserved WT-like voltage dependence. These 213 TM1 and TM6 residues cluster in the metal-binding site or metal-release pathway ( Figure 5B) . 214
Mutations to TM3 and TM9 salt-bridge network residues E124, R352, R353, D131, and E134 215 reduced voltage dependence of Mn 2+ and Cd 2+ transport across the tested ΔΨs ( Figure 5 ). All 216 reduced transport rates at -120 mV, but many equaled and several outperformed WT at lower 217 magnitude ΔΨ. Perturbing this network of residues thus alters ΔΨ's effects on DraNramp's metal 218 transport kinetics, such that these mutants, while moderately impaired compared to WT under 219 physiological conditions, no longer face WT's transport restriction in the absence of ΔΨ. 220
We saw similar trends with this panel in vivo: salt-bridge network mutations reduced the effect of 221 We next sought to disentangle the overlapping effects of ΔpH-stimulated metal transport and 230 metal-stimulated proton co-transport, which we refer to as proton-metal coupling. We measured Mutant phenotypes again clustered in three groups ( Figure 6B ). As before, mutants to metal-234 binding D56 and N59 eliminated Mn 2+ transport, while H237Q showed slight activity with 235 combined ΔΨ and ΔpH. As with voltage dependence, all mutants to the E124-R352-R353-D131-236 E134 network reduced the Mn 2+ -transport enhancement provided by ΔpH, to a level comparable 237 to Cd 2+ in WT. Strikingly, mutants M230A, H232Q, and E134Q-all near metal-binding D56-238 eliminated ΔpH stimulation, such that unlike the WT, Mn 2+ These results indicate that pH stimulation of metal transport and metal-proton co-transport are 259 distinct phenomena, likely imparted by separate groups of conserved residues. 260 261
Perturbing the salt-bridge network impairs Mn 2+ transport under physiological conditions 262
As high transport efficiency requires selectivity against potential competing substrates, we tested 263 whether our mutants transport Ca 2+ , an abundant alkaline earth metal that Nramps must 264 Cd 2+ transport, which unlike Mn 2+ does not stimulate H + uptake (Figure 2 ), further underscoring 303 the importance of proton co-transport to enforce unidirectional metal transport. In conclusion, 304 disruption of voltage dependence and proton-metal coupling through mutagenesis or by metal 305 identity imparts a greater risk of metal efflux under physiological conditions. 306 307 Discussion 308
We summarize the results of our mutagenesis experiments in Table S1 , which inform the following 309 model ( Figure 8A ). The D56-E134-D131-R353-R352-E124 network confers strong voltage 310 dependence to the transporter, such that efficient metal transport only occurs at significantly 311 negative ΔΨ (Figures 1 and 5 ). D56 first protonates to optimally orient the metal-binding 312 residues-donating a hydrogen bond to the metal-interacting N59 carbonyl oxygen rather than 313 receiving a hydrogen bond from the amide nitrogen ( Figure 8B) the metal-binding site via D56 protonation, and mutations to residues in the immediate vicinity of 363 D56 (M230, E134, H232) completely eliminate pH dependence of transport ( Figure 6A-B) , 364 perhaps by shifting D56's pKa. Yet low pH still accelerates Cd 2+ transport in WT, and Mn 2+ 365 transport in proton-pathway mutants like D131A, although less than in WT. Complementarily, 366 proton co-transport is still observed for mutants such as M230A that eliminate the effect of ΔpH 367 but do not compromise the conserved proton-transport pathway . Therefore, a 368
ΔpH effect on the uptake of primary substrate should not be conflated with H + co-transport and 369 vice versa, whether in other Nramp homologs or unrelated secondary transporters. 370
The canonical model for secondary transport posits a cycle in which each transition is fully 371 reversible, precise stoichiometry is maintained, and the prevailing ion gradients determine the 372 directionality of net transport ( Figure 8E ). Effective symport thus requires tight coupling between 373 the co-substrates, which is implemented in transporters by the driving ions either structurally 374 enabling binding of the primary substrate or mechanistically selectively stabilizing a certain 375 conformational state (Perez and Ziegler, 2013; Rudnick, 2013) . Indeed, for the LeuT amino acid ΔpH without assisting in the uptake of the primary substrate. It is intriguing that evolution has 389 retained such a thermodynamic cost as a general feature of the Nramp family, especially as simple 390 tweaks near the salt-bridge network were shown to reduce H + uniport without impairing metal 391 uptake (Nevo and Nelson, 2004) . Second, in our model, the two substrates do not coexist in the 392 binding site throughout the transport process: Mn 2+ binding to D56 evicts the pre-bound H + into 393 its distinct exit pathway. Indeed, our results suggest that H + transport and M 2+ binding may actually 394 become competitive processes under some conditions, underscoring the co-substrate's imperfect 395 synergy (Figure 3) . 396
In addition, our results demonstrate an essential kinetic role for the physiological membrane 397 potential in DraNramp metal transport. While voltage necessarily contributes to the net 398 thermodynamics of moving charged substrates across the membrane, we observe a strong voltage 399 dependence of the entire free energy landscape (Figure 3) , such that a sufficiently negative ΔΨ is 400 prerequisite for metal binding and/or transport to occur. Although voltage dependence may be a 401 diffuse property for a transport protein, the conserved salt-bridge network lining the ion transport 402 routes in Nramps likely evolved to amplify the inherent voltage dependence of electrogenic 403 transport and establish delicate mechanistic restrictions-including metal-specific proton co-404 transport-which our mutagenesis data support ( Figures 5-6) . 405
The key outcome of these deviations from canonical secondary transport-loose proton-metal 406 coupling and strong voltage dependence-is to enforce the unidirectionality of DraNramp metal 407 transport ( Figure 8F ). Indeed, no Mn 2+ transport occurred in the absence of a negative ΔΨ ( Figure  408 1; cations leaving the cell would experience a net positive ΔΨ). Furthermore inside-out 409 transporters-even with a favorable ΔΨ-fail to efficiently import Mn 2+ into liposomes down a 410 large concentration gradient ( Figure 7F ). The inward-to-outward metal-bound transition is thus 411 essentially forbidden in the WT protein under physiological conditions. Strikingly, point mutations 412 to the salt-bridge network that perturb proton-metal coupling and voltage dependence can lift these 413 restrictions, such that these protein variants behave more like directionally-unbiased uniporters. 414
DraNramp's unique structural adaptation-a conserved salt-bridge network that allosterically 415 amplifies the voltage dependence of metal cation transport and provides a multistep, one-way exit 416 pathway to the cytoplasm for the loosely-coupled proton co-substrate-therefore allows it to avoid 417 the liabilities of reversibility inherent in the canonical model for symport. Similar properly-tuned 418 voltage dependence and asymmetric substrate coupling may be a more general strategy for 419 transporters to prevent deleterious back-transport without jeopardizing transport in the desired 420 
Cloning, expression and purification of DraNramp constructs for proteoliposome assays 439
DraNramp constructs were cloned, expressed, and purified as described , with 440 the following changes: protein was purified from cell pellets in a single day, and washed/eluted 441 from nickel beads in buffers with 0.03% DDM. Protein was concentrated to 2.5 mL and buffer-442 exchanged into 100 mM NaCl, 10 mM HEPES pH 7.5, 0.1% n-Decyl-β-D-Maltopyranoside (DM) 443 on a PD10 desalting column. Protein concentrations were normalized to 1.2 mg/ml and aliquots 444 were flash frozen in liquid nitrogen. Single-cysteine constructs A53C and A61C were purified in 445 the presence of 1 mM DTT. Protein was added at a 1:400 w/w ratio to lipid, and the mixture dialyzed at 4°C to remove the 455 detergent in 10 kDa molecular weight cutoff dialysis cassettes against KCl+NaCl/MOPS buffer 456 with 0.2 mM EDTA for 1 day, then with 0.1 mM EDTA for 1-3 days, then overnight at room 457 temperature (RT) against KCl+NaCl/MOPS buffer. For A53C and A61C, 1 mM, and 0.5 mM DTT 458 was included in the first two dialysis steps. Fluorescent dye (either 1:49 v/v 5 mM Fura-2 459 pentapotassium salt or 1:66 v/v 10 mM 2',7'-bis(carboxyethyl)-5(6)-Carboxyfluorescein (BCECF) 460 in dimethyl sulfoxide) was incorporated into proteoliposomes permeabilized by three freeze-thaw 461 cycles in dry ice-ethanol and RT water baths (and sometimes stored at -80°C after the third freeze). 462
Proteoliposomes were extruded through a 400 nM filter to create uniform-sized vesicles, buffer-463 exchanged 1-2 times on a PD10 desalting column pre-equilibrated with NaCl/ or KCl/10 mM 464 MOPS pH 7 buffer. Peak proteoliposome-containing fractions were pooled to remove 465 unincorporated dye. Co(NO3)2 were freshly diluted into appropriate NaCl or KCl buffer. For assays with a pH gradient, 475 the metals were diluted into 100 mM MES at pH 5.5, 5.8, 6.0, or 6.5 with appropriate NaCl/KCl. 476
The reported external pH upon metal addition was determined from proportional mixings of larger 477 volumes of the same buffers. To pre-modify A61C constructs for transport assays, liposomes were 478 diluted into 120 mM NaCl, 10 mM MOPS pH 7 containing 3 mM MTSET and incubated at least 479 30 min at RT before beginning transport assays. 480
Metal transport was monitored by measuring Fura-2 fluorescence at λex = 340 and 380 nm, at λem 481 = 510 nm. Proton transport was monitored by measuring BCECF fluorescence at λex = 450 and 482 490 nm, at λem = 535 nm. To calculate concentrations of imported metal, the Fura-2 340/380 ratio 483 and experimentally determined KD values (Grynkiewicz et al., 1985; Hinkle et al., 1992) were used 484
for Ca 2+ and Cd 2+ as described previously (Bozzi et al., 2016a) ; the Ca 2+ KD value was used as an 485 approximation for Zn 2+ . For Mn 2+ , Fe 2+ , and Co 2+ , the fraction of Fura-2 340 and/or 380 486 fluorescence quenched, normalized to maximum observed quenching, was used to estimate 487 imported metal. For proton uptake, the BCECF 450/490 ratio was used to calculate internal pH, 488 which along with the known total internal buffer (0.5 mM) and dye (150 μM) concentration was 489 Structural and mechanistic basis of proton-coupled metal ion transport in the 573 SLC11/NRAMP family. Nature Communications 8. 574 Figure 1-figure supplement 1. DraNramp is a voltage-dependent Except for the reporter dye, conditions were identical to those for the metal transport in Figure 1 
